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Abstract: In this work, we studied the manufacturing processes and the conservation state of gilt and
painted leather fragments from Palazzo Chigi in Ariccia (Italy) by using different analytical techniques.
Leather fragments present a silver leaf superimposed onto leather support. A gold varnish and
different painted layers decorate it all. A top-down analytical approach was used to investigate this
complex multilayer structure, which adopted techniques with different sampling depths. Organic
and inorganic constitutive materials together with related degradation products were studied by
time of flight secondary ion mass spectrometry (ToF-SIMS), attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR), and macro X-ray fluorescence (MA-XRF). The findings
have revealed the presence of different elements and species as calcium and iron in the leather
support, which was attributed to the un-hairing process in the leather tanning. Regarding what
concerns the silver leaf, where the varnish cracked, silver chlorides, oxides, and sulfides were detected
as degradation products of the silver leaf. Proteinaceous compounds were also identified where
the silver leaf is unprotected by the varnish. These ion signals reveal a potential use of animal
glue on both sides of the silver leaf to promote durable adhesion. In the gold varnish, the surface
analysis revealed organic compounds such as resins and oils. In particular, the copresence of linoleic,
arachidonic, and lignoceric acid ion signals in the yellow area suggests the use of aloe as a colorant.
Lead ions in the same area were detected and attributed to the use of lead as siccative. Blue areas
were obtained by using indigo and lead white in addition to an oil binder. This is confirmed by
the detection of indigotin, fatty acid, and lead soap ion signals. A copper-based pigment was used
to depict the green areas and copper oxalates were identified as its degradation products. Lastly,
no significant information about the red colorant was obtained. Colophony is present as a component
of the final varnish.
Keywords: leather; MA-XRF; ATR-FTIR; ToF-SIMS; manufacturing process; degradation products
1. Introduction
Gilt and painted leather was one of the most luxurious types of wall decoration largely used in
high-status public buildings, palaces, stately homes, and high-class mansions. Examples of gilt and
painted leather can be found in decorative wall hangings, paintings, and other furnishings. It was
used in ecclesiastic settings as altar frontals and ecclesiastical vestments [1].
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The manufacture of gilt leather begun in North Africa (Ghadames, Libya) and was introduced in
Spain during the early Middle Ages. Later, it spreads through Spain toward the rest of Europe [2].
The production of gilt leather consists of a very laborious process. The first step is making the
silver leaf adhere to the leather support using animal glue and, subsequently, apply a yellow oil-resin
varnish. Recipes stated that the oil-resin varnish forming the golden-like surface on the silver leaf
generally consisted of heat-bodied linseed oil with lead components (pigments such as massicot or
minium can be used). In addition, resins (such as sandarac, colophony, etc.), fossils (e.g., amber),
and organic colorants (such as aloe, asphalt, saffron, dragon blood, etc.) were added [1,3]. Decorative
motifs were commonly stamped with woodblocks or by techniques of surface modification such as
embossing [4,5]. The last step consisted of applying oil paints and glazes for decorations. Heat-bodied
oils or a mixture of oils and resins were used as binding media [1].
The complex overlapping of inorganic and organic materials makes the conservation of this type
of artifact very difficult.
Among the others, one of the main problems related to the conservation of leather refers to the
decorative surface layers. In particular, special attention is dedicated to the tarnishing of the silver
leaf, which leads to aesthetic damage of the leather artifacts. Generally, in this type of material, silver
tarnishing is promoted by a large variety of factors, such as the natural aging and degradation of
the overlapped oil-resin varnish protecting layers that may embrittle generating micro-cracking [3].
In this way, the exposed silver leaf surface can be subjected to degradation phenomena. It is well
known that silver tarnishing usually takes place as a consequence of the reaction between silver and
reduced Sulphur-containing compounds such as hydrogen sulphides and carbonyl sulphides present
in the air or elemental sulphur. In addition, the prolonged exposure to an environment containing
chloride ions—as in coastal areas—or the contact with human skin, could lead to the formation of
silver chlorides [1,6].
Furthermore, past conservation treatments with oils and solvents can be responsible for further
degradation processes. Calnan, in a previous work, stated that excessive oiling in conservation
treatments can lead to the darkening and the delamination of painted surfaces. Moreover, the use of
impure oils can lead their fatty acids to migrate to the surface [2].
Mannina et al. [4] refer about a study on gilt and painted leathers of the XVIII century. The leather
and its decorations have been studied through the analysis of cross-sections and by several analytical
techniques such as XRF spectroscopy, Raman spectroscopy, and Scanning Electron Microscopy to
obtain information about the constitutive materials, the technique, and the preservation state.
Ioele et al. [7] investigated the painting technique of different gilt leather with special attention to
the indigo pigment. In particular, optical microscopy, XRF, SEM-EDX, micro FT-IR, and micro Raman
have been used. The analyses identified the pigment in all the works, providing information about the
different painting techniques employed.
In a previous work [8], we studied a gilt and painted leather coming from an altar frontal and
dated to the mid-17th century. During the conservation treatment at the Istituto Superiore per la
Conservazione ed il Restauro, various scientific analyses were employed (optical microscopy, XRF,
SEM-EDX, micro-FTIR, and micro-Raman), which allowed the identification of most constitutive
materials. More difficult was the identification of the components of gold varnish. In that work,
the authors proposed to study the artifact by time-of-flight secondary ion mass spectrometry (ToF-SIMS)
to obtain information about the organic substances.
Recently, in fact, ToF-SIMS is becoming an increasingly used tool for surface analysis and it
is particularly useful for different fields of research to investigate inorganic and organic materials,
including cultural heritage studies.
Its excellent mass resolution, sensitivity, and high spatial resolution allow obtaining both chemical
and distributional (laterally and in-depth) information of a large variety of works of art including
gilded metal artifacts [9,10].
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It can be considered a non-destructive technique since it explores only the first atomic layers of
the sample. Therefore, the damage induced on the sample under investigation is very limited and
further investigations can be performed on the same sample by means of other analytical techniques,
by providing complementary information [11,12].
Moreover, ToF-SIMS has the capability to provide chemical imaging, which allows the identification
and localization of the compounds characterizing the sample. Especially, ToF-SIMS spectrometry
is particularly indicated for the identification and localization of organic compounds such as resins,
oils, binders, dyes, lacquers, etc. difficult to analyze through common analytical techniques largely
employed until now [11–16].
In this work, the chemical characterization of the constitutive materials and of the conservation
state of gilt and painted leather by using MA-XRF, ATR-FTIR, and ToF-SIMS were carried out to localize
and identify inorganic and organic species.
The achieved information on the constitutive materials, manufacturing technique, and degradation
products can be very useful in establishing restoration and conservation interventions and to ensure a
long and stable chemical-physical life to these precious works of art.
2. Materials and Methods
2.1. Samples
The investigated gilt and painted leather wall decorations have been sampled at the noble
Palazzo Chigi in Ariccia (Rome, Italy). One of the peculiarities of this building is related to the good
conservation state of the internal decoration such as the luxurious leather wallpapers still present in
many environments. Nevertheless, fragmented and incomplete leather wallpapers, that will later form a
leather museum within the building, were also found. The existing leather wallpapers of Palazzo Chigi
were manufactured in Rome. Some of these were made in the typical style of the Renaissance tradition
with a ritual design and other ones were made in the Venetian and Flemish style [5]. The leather
fragments studied in this work are dated back to the XVII century and manufactured in high relief by
embossing, according to the Flemish style.
2.2. Macro X-ray Fluorescence (MA-XRF)
An MA-XRF scanner prototype built by the INFN Roma TRE division and Ars Mensurae
was employed. The scanner consists of an exchangeable head attached to a motorized x-y stage.
The scanning head is composed of a low-power Moxtek®tube with a Ta target and collimated to 1 mm,
a silicon drift detector (SDD), and a twin-laser focusing system. The images resolution is roughly
1 mm2 per pixel. For the present analysis, the tube operated at 37 kV and 17 µA with a dwell-time of
3 s. This scanning head has been used in previous publications as a single-spot XRF instrument using a
smaller X-ray tube [17]. In order to gather as much information as possible with the least scanning time,
3 zones, which are known as zones 1, 2a, and 2b from samples 1 and 2 (dimensions 26 × 22, 21 × 20 and
11 × 13 mm2, respectively) were selected for analysis (Figure 1a). The MA-XRF scanner was calibrated
using SRM 1115—Commercial Bronze Standard for Optical Emission and X-ray Spectroscopic Analysis
(NIST standard reference material) with the following composition expressed as mass fraction, in %:
Copper 87.96, Zinc 11.73, Lead 0.013, Iron 0.13, Tin 0.10, Nickel 0.074, and Phosphorus 0.05.
2.3. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)
Attenuated Total Reflectance-Fourier transform infrared spectroscopy analysis was performed on
the leather fragments. ATR-FTIR spectra for all the colored areas of the three painted leather pieces
were recorded, which ranged from 3500 to 500 cm−1 (MID IR) and 1600 to 200 cm−1 (MID & FAR IR)
with a ThermoFisher®Nicolet iS50 FT-IR instrument, in Attenuated Total Reflectance (ATR) mode.
The FT-IR system performance verification was accomplished through a fully automated internal
validation wheel standard. The wheel automatically moves standard samples into the beam path at
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the appropriate times during the validation procedure. The samples are traceable to standards from
the National Institute of Standards and Technology (NIST) [18]. The instrument is equipped with a
diamond crystal and a 45◦ incident beam. The spectral resolution was 4 cm−1 for both the series of
spectral measurements. A total of 50 scans were accumulated for each spectrum. For a simultaneous
comparison of all the ATR-FTIR spectra, please refer to supplementary material.
2.4. Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
ToF-SIMS experiments were performed with a TOF-SIMS5-300 mass spectrometer (ION-TOF
GmbH, Munster, Germany) equipped with a 30 KeV Bi LMIG (liquid metal ion gun).
A Bi3
+ ion beam was selected with an incidence angle of 45◦ operating in a standard mode.
The emitted secondary ions were accelerated to kinetic energy of 2 to 3 KeV toward the field-free
region. When necessary, charge neutralization was obtained by using a low-energy electron flood gun.
The ion beam was rastered over areas of 200 µm × 200 µm and 500 µm × 500 µm with an ion dose
density below the static limit (10–12 ion/cm2). Both positive and negative polarity spectra and images
(128 × 128 pixels) of elements and molecular fragments distributions were recorded. All secondary ion
images shown in this paper were normalized to the total ion image. However, after this normalization
process, the ion images are still strongly affected by topography effects. Mass spectra were internally
calibrated using H+, H2
+, H3
+, C+, CH+, CH2
+, and CH3
+ in a positive ion mode and H2
−, C−, CH−,
CH2
−, and OH− in a negative mode, respectively. The data were acquired and processed using the
SurfaceLab 6.4 software (ION-TOF GmbH, Munster, Germany).
3. Results and Discussion
MA-XRF, ATR-FTIR, and ToF-SIMS experiments were carried out on three samples of gilt and
painted leather (Figure 1a). The samples consist of a leather support covered with a silver leaf and
gold varnish. Nevertheless, some features can be appreciated among them. In samples 1 and 2, red
and green pigments can be easily observed. On the contrary, in sample 2, small blue spots can be
appreciated using an optical microscope (Figure 1b (top)). High reliefs obtained by embossing the
technique are more evident in sample 1. Lastly, in sample 3, in addition to the red pigment and the
gold varnish, the silver leaf is more appreciable due to the embrittlement and lack of the overlapped
gold varnish.
In Figure 1a, the red, blue, and green squares indicate the MA-XRF, ATR-FTIR, and ToF-SIMS
area of analysis, respectively. Details of the constitutive materials for the three samples are shown in
Figure 1b. The results obtained from the different regions investigated (leather support, silver leaf,
gold varnish, blue, and red and green areas) are described below.
μ μ μ μ
− − − − −
 
Figure 1. Fragments of gilt and painted leather (a) and details and description of the constitutive
materials (b).
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3.1. Leather Support and Silver Leaf
The first decorative layer applied on the leather surface is a silver leaf. In this case, ToF-SIMS
results obtained in a positive ion mode, show the presence of sodium, magnesium, aluminum, silicon,
potassium, calcium and oxygenated calcium ions, and silver and iron sulfates (FeSO4
−, m/z 152 and
FeSO5H
−, m/z 169).
Complementary elemental maps obtained from MA-XRF show calcium and iron equally
distributed throughout the MA-XRF sampled regions from leather samples 1 and 2 (Figure S1).
The presence of calcium can be attributed to the un-hairing process of leather tanning, which
traditionally makes use of alkaline solutions such as lime or soda ash [4]. Regarding what concerns the
iron, it should be considered that potash alum was commonly used in the tanning process in the past.
Impure alum usually contained a great amount of iron sulfate. Moreover, potash alum obtained from
naturally occurring alunite or alum-stone by roasting followed by lixiviation and crystallization can
present a brownish or pinkish hue due to the presence of Fe2O3 [19]. In this context, iron is likely to be
related to the tanning process itself.
Moreover, in the areas where the gold varnish cracked, oxidation damages of the exposed silver
surface were revealed. In these regions, in fact, ToF-SIMS experiments detected clusters of silver, silver
oxides, silver chlorides, and silver sulfides (Peaks and spectra are shown in Figure S2). In Figure 2,
the corresponding positive ion maps are reported. The presence of CN− (m/z 26), P− (m/z 31), CNO−
(m/z 42), PO− (m/z 47), PO2
− (m/z 63), and PO3
− (m/z 79) in the negative ion mass spectra may suggest
the use of proteinaceous compounds applied on the surface layers or arising from the animal glue
used to adhere the silver leaf to the leather support. In fact, CN− and CNO− ions are characteristic of
the peptide backbone fragmentation. Phosphate ions are usually detected in the presence of cellular
material. In the same area, Cl− (m/z 35) and S− (m/z 32) were also detected.
−
−
− − −
− − −
− −
− −
μ μ
Figure 2. Silver-containing compounds in the silver leaf. (a) Macro camera view of the area where
ToF-SIMS images were acquired (area of 200 µm × 200 µm). (b–f) TOF-SIMS ion images were recorded
in the positive ion mode, (b) total ion image, (c) ion image of the sum of silver ions (sum of: Ag+,
m/z 107, Ag2
+, m/z 214; Ag3
+, m/z 321, Ag5
+, m/z 534), (d) ion image of the sum of silver oxides (sum
of: Ag3O2
+, m/z 353; Ag5O2
+, m/z 567), (e) ion image of the sum of silver chlorides (sum of: Ag2Cl
+,
m/z 249, Ag3Cl2
+, m/z 391, Ag4Cl
+, m/z 463), and (f) ion image of the sum of silver sulfides (AgS+,
m/z 139, Ag2S
+, m/z 246, Ag3S
+, m/z 353).
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3.2. Gold Varnish
In the gold areas, ToF-SIMS experiments revealed the presence of sodium, magnesium, aluminum,
silicon, potassium, silver, calcium, calcium-oxygen containing ions, lead, and lead-oxygen containing ions.
MA-XRF elemental maps (Figure S3) also show lead widespread all over the gold and red portions
of sample 1 and in correspondence of the gold area in sample 2.
The presence of lead ions in the gold varnish can be explained with the use of lead as siccative
and/or an inorganic pigment. In this case, the inorganic pigment could be attributed to the presence of
massicot (PbO), which is an inorganic yellow pigment.
In the positive ToF-SIMS spectra (Figure 3) protonated linoleic (C18H33O2
+, m/z 281), stearic
(C18H37O2
+, m/z 285), arachidic (C20H41O2
+, m/z 314), behenic (C22H45O2
+, m/z 341), nervonic
(C24H47O2
+, m/z 367), and lignoceric (C24H49O2
+, m/z 369) acid ion signals can be observed. The presence
of these fatty acids was detected in most of the spectra collected on the different selected areas (gold,
blue, green, and red). In some spectra, protonated arachidonic acid (C20H33O2
+, m/z 305) was also
detected (data not shown).
−
− ν
− ν − ν
− − ν − ρ − ρ
Figure 3. Part of positive ion mass spectra extracted from the gold area and showing the protonated
fatty acids: linoleic (C18H33O2
+, m/z 281), stearic (C18H37O2
+, m/z 285), arachidic (C20H41O2
+, m/z 314),
behenic (C22H45O2
+, m/z 341), nervonic (C24H47O2
+, m/z 367), and lignoceric (C24H49O2
+, m/z 369).
The presence of linoleic, stearic, and arachidic fatty acids together with the lead ions in the gold
varnish seems to be in agreement with the ancient recipes for obtaining the golden surface by stating
that this was usually constituted by heat-bodied linseed oil with lead components [1,3]. However,
further studies will be performed to validate the presence of other organic colorants in the gold area.
In fact, arachidonic, linoleic, and lignoceric acids could be ascribed to the presence of aloe used as an
organic colorant in the gold varnish [1,3,20].
The ATR-FTIR spectra obtained in the region of 3500 to 200 cm−1 for the gold varnish on sample 2
are shown in Figure 4a,b. Main spectral features are found at 1629 cm−1 (ν[C=O], in amide I),
1542 cm−1 (ν[C-N], and in-plane bending of N-H, both from amide II), 1459 cm−1 (bending of C-H
and ν3 [C-O] from CO3
2− group), 1316 cm−1 (ν[C-O]), 1031 cm−1 (ρ[CH3]), and 1006 cm
−1 (ρ[CH3])
(extended attributions are reported in supplementary information and shown in Figure S4) [21–26].
The found vibrations confirm the presence of a mixture of oils and proteins, the former being used
as a painting medium and the latter constituting both a component of the medium itself and an
adhesive layer between the leather substrate and the silver leaf. When observed at low magnification
with the stereomicroscope, the silver leaf shows a large number of cracks and lacks exposure of the
underlying layers. It allows for the IR absorption by the adhesive. No clear signal from pigments
conferring the yellow coloration was recognized. ATR-FTIR spectra of the gold area in sample 3
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(Figure 4c) showed the presence of an additional compound. The comparison with a reference spectra
of rosin oil from Pine-tree, comparable with those found in literature [8,26,27], led to attribute the
unknown compound to the class of diterpenoid resins, such as colophony (attributions are reported in
supplementary information).
−
−
Figure 4. ATR-FTIR spectra of the gold varnish in the range 3500 ÷ 500 cm−1 (a) and in the
range, 1600 ÷ 200 cm−1 (b), showing spectral features compatible with a mixture of proteins and
oils. Comparison between the gold varnish from sample 1 and 3 with colophony reference spectrum (c),
confirming its presence in sample 3.
3.3. Blue Areas
In the blue areas of sample 2, several inorganic ions were detected: sodium, potassium, calcium,
and calcium-oxygen containing ions (Figure S5).
In addition, lead ion, a cluster of lead oxides, and lead hydroxides were found (Peaks and spectra
are shown in Figure S6).
The positive ion ToF-SIMS spectrum (Figure 5) of the blue area in sample 2 shows peaks related to
the indigotin protonated molecular ion ([M + H+]) at m/z 263 (C16H11N2O2
+) and to its characteristic
fragmentation at m/z 247 (C16H11N2O
+). These two ion peaks indicate the use of indigo as a pigment
for the blue areas. Moreover, protonated linoleic (C18H33O2
+), stearic (C18H37O2
+), and lignoceric
(C24H49O2
+) acids were observed (Figure 5).
The diacylglycerols of stearic and palmitic acids, respectively, at m/z 523 and m/z 551, were also
found (data not shown). The fragmentation of these molecules usually generates the signals of the
corresponding fatty acids. In this case, no signals related to the palmitic acid were revealed. In addition,
in this area, the presence of lead soaps of linoleic acid at m/z 489 was revealed (data not shown).
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Figure 5. Part of the positive ion mass spectra extracted from the blue area and showing indigotin
protonated ion (C16H11N2O2
+, m/z 263), indigotin fragment ion (C16H11N2O
+, m/z 247), and protonated
fatty acids: linoleic (C18H33O2
+, m/z 281), stearic (C18H37O2
+, m/z 285), and lignoceric (C24H49O2
+, m/z 369).
The lead soaps formation is a topic of major importance in conservation and restoration
interventions since, among others, it is indicated as the cause of the increased transparency of
the paint layers [28–30]. Furthermore, the exposure to environmental conditions can be responsible for
this phenomenon since it can lead to the formation of superficial crusts due to the remineralization of
compounds through the reactions with the environment itself [30,31].
On the other hand, in the negative mode, several clusters of lead oxides and lead hydroxides
were detected (peaks and spectra are shown in Figure S7). All these ions suggest the presence of lead
white as a substrate of indigo. Additionally, when observing the MA-XRF elemental maps of lead, it is
possible to appreciate a higher concentration of lead in the blue pigment area (Figure 6). The results
obtained indicate that the indigo pigment was used in the oil binder and it was mixed with lead white.
 
Figure 6. MA-XRF elemental map of Pb from leather sample 2 (zone 2a).
Lastly, the negative ion mass spectra (Figure 7) shows peaks at m/z 259, m/z 278, and m/z 313.
The signal at m/z 313 could be attributable to the 7-oxo-dehydroabietic acid of the colophony and the
peaks at m/z 259 and m/z 278 to its fragmentation process [32]. The presence of colophony as resin
found in the leather fragments was detected by ATR-FTIR analysis in the other samples.
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Figure 7. Part of negative ion mass spectra extracted from the blue area and showing the
7-oxo-dehydroabietic acid (m/z 313) of the colophony and its fragments ions (m/z 259 and m/z 278).
ATR-FTIR spectra of the blue area (Figure 8) show spectral features common to those obtained
from gold varnish. Characteristic peaks are at 1079 cm−1 (assignable to CO3
−2 group), 1044 cm−1
(ρ[CH3], and ν1[C-O] from CO3
−2 group), the couple at 680 and 658 cm−1 (ν4[C-O] from CO3
−2 group
and bending of -O-C=O, respectively), and the peak at 596 cm−1 (bending of -NCO group and ν4[S-O]
from SO4
−2 group) (extended attributions are reported in supplementary information and shown in
Figure S4) [32–34]. These features confirm the hypothesis that the blue color is made with indigo on a
lead carbonate (cerussite, biacca) substrate. No signal attributed to indigo was revealed by ATR-FTIR
and this could be explained by considering the light hue of the analyzed area, which required a low
amount of the blue organic pigment. The intensity of the bands related to phosphorus-containing,
N-C, and N-H groups is to be put in relation to the higher presence of proteinaceous material in the
painting medium. The presence of sulphate ions is well supported by the evidence, but its origin is not
clear. It could have originated by the defibered border of the leather fragment and it may be related to
the impurities of alum (tanning agent, as specified in the first section of the Leather and Silver leaf).
− −
ρ ν − − ν −
− ν
−
 
−
−
−
Figure 8. ATR-FTIR spectra of the blue areas in the range 3500 ÷ 500 cm−1 (a) and in the range
1600 ÷ 200 cm−1 (b). In addition to spectral features common with gold varnish, characteristic peaks
and shoulders (1079, 1044, 690, 680, 671, 658, 616, and 596 cm−1) attribute the blue pigment as indigo
on a lead carbonate substrate, which is coupled with the presence of sulphates.
3.4. Green Areas
ToF-SIMS results from the green areas detected the presence of sodium, magnesium, aluminum,
silicon, potassium, calcium ions (Ca+ and CaOH+), silver (m/z 107), lead, and lead-oxygen containing
ions (Pb+ and PbOH+). All these ions are characteristics of the surrounding gold varnish, silver leaf,
and leather, as mentioned previously.
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Furthermore, the detection and localization of Cu+ (m/z 63) (Figure 9) in the green areas suggest
the use of a copper-based green pigment. The signal distribution appears strongly influenced by the
surface roughness of the sample. Thus, the mapping of the copper ion signal was normalized to the
total ion image in order to minimize topological effects.
μ μ
Figure 9. ToF-SIMS ion images are recorded in the positive ion mode in the green area. (a) Macro
camera view of the area where ToF-SIMS images were acquired (area of 500 µm × 500 µm), (b) total ion
image, and (c) ion image of the copper ion (Cu+, m/z 63).
The presence of copper is further confirmed by the MA-XRF elemental maps where it is possible
to observe that this element is present as a major component only in the green areas (Figure 10).
 
Figure 10. MA-XRF elemental maps of Cu obtained from leather samples 1 and 2 (zones 1, 2a, and 2b
from left to right).
On the other hand, the negative ion maps of the green area (Figure 11) show the presence of two
fragments (CHO2
−, m/z 45, and CuOH−, m/z 80) that could be ascribed to the presence of verdigris or
copper resinate, which are two typical green pigments largely used in oil paint [1,3].
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Figure 11. TOF-SIMS ion images recorded in the negative ion mode in the green area. (a) Macro camera
view of the area where ToF-SIMS images were acquired (area of 500 µm × 500 µm), (b) total ion image,
(c,d) ion images of the CHO2
− (m/z 45), and CuOH− (m/z 80) fragment ions ascribed to the presence
of verdigris.
Besides CN−, P−, CNO−, PO−, PO2
−, and PO3
− ions in the negative ion mass spectra were
detected, which suggests the use of proteinaceous compounds.
In the same area, especially in the regions where the silver surface is more exposed, Cl−, S−,
and silver chlorides (m/z 321 and 463) were found.
ATR-FTIR spectra for green areas are shown in Figure 12. Spectral features common to gold
varnish and blue areas can be found, but the main peak is centered at 1609 cm−1 (ν[COO] asymmetric)
instead of 1629 cm−1 and the peak at 1316 cm−1 is much more intense. Characteristic peaks are at
1362 cm−1 (ν[C-O] from oxalate and δ[CH3]), 821 cm
−1 (δ[O-C-O]), 494 cm−1 (ν[Cu-O]), and 376 cm−1
(ν[Cu-O]) [35–37]. All these features suggest that green is a mixture of verdigris (copper acetate,
as pigment) and oils (as a medium). The sharp peaks at 1362 and 821 cm−1 could be related to
the presence of oxalate salts [38], which are not present in the other colored areas. Oxalate ions
have been proposed as the resulting product of the degradation of the binding matrix (oily painting
medium) [39,40], especially in the presence of lead-based and copper-based pigments [41]. The strong
correlation between the presence of copper-based pigments and formation of oxalate salts has also
been reported in the literature [40]. This gave reason for the selective presence of oxalate signals only
in some of the areas analyzed.
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Figure 12. ATR-FTIR spectra of the green areas in the range of 3500 to 500 cm−1 (a) and in the range of
1600 to 200 cm−1 (b). In addition to spectral features common with gold varnish, characteristic peaks
(1609, 1362, 821, 494, and 376 cm−1) attributed the green pigment as verdigris (copper acetate), which,
in part, was altered, which formed copper oxalates.
3.5. Red Areas
The studies aimed to find that the red lake did not produce satisfactory results. It should be
highlighted that a clear attribution of some of the peaks present in the mass spectra related to the red
areas was difficult to obtain due to the presence of the ion peaks with a high intensity related to the
fatty acids and lead oxides present on the underlying gold varnish. A further investigation of the
red areas must be necessary to define their nature. Similarly, ATR-FTIR spectra resulted in the same
spectral features shown for the gold varnish for both the spectral ranges (Figure 13). On the whole,
it can be claimed that gold-yellow and red areas do not show characteristic features. The reason for
this evidence could lie on the nature of the colored oils for painting, which are a very fine dispersion
of solid granules of pigments in the mass of the medium. This is, in part, confirmed by the fact that
the areas where signals were more efficiently collected are covered with the green and blue painting,
which are much denser and opaquer by eye, as well. A further investigation of the red areas must be
necessary to define their nature first via in situ XRF measurements with a portable instrument for a
tailored sampling and, then, via investigations of cross-sectioned samples carried out by means of
scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS) [10,42].
−
−
−
 
Figure 13. ATR-FTIR spectra of the red areas ranging from 3500 to 500 cm−1 (a) and in the range of 1600
to 200 cm−1 (b). All the spectral features are in common with the gold varnish and it was not possible
to identify the nature of the pigment or coloring agent.
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4. Conclusions
The multi-analytical approach used in this work was useful to obtain information at different
depths of the constitutive materials, manufacturing technique, and degradation products of the gilt
and painted leather wallpapers, which decorate one of the most important and fascinating ancient
noble palaces in Rome’s outskirt.
ToF-SIMS was mainly used as a surface sensitive technique for revealing organic and inorganic
compounds involved in the painting layer. On the other hand, although ATR-FTIR works at a different
depth scale, FTIR spectra supported ToF-SIMS results. Lastly, MA-XRF analysis was crucial to validate
the considerations done at the micrometer scale about the inorganic components on a larger area.
In this work, most of the constitutive materials and related degradation products were identified.
However, gilt and painted leathers still represent a unique challenge considering the degradation
phenomena occurring in these samples where metals and organic compounds are in intimate contact
with living matter.
The stratigraphy of the samples was discovered to be composed of a leather support, animal glue,
silver leaf, gold varnish, and, lastly, an eventual colored layer (red, green, or blue).
On the basis of these results, particular advices should be given to restaurateurs and conservators
in order to prevent the tarnishing of the silver leaf. This phenomenon could lead to the loss of
the original contrast among colors, which affects the overall visual perception of the represented
figures. In addition, the exposure in a controlled environment could be considered the best choice to
preserve these decorative materials. Lastly, considering the brittleness of the painting layer, the use of
consolidants to prevent progressive fragmentation and delamination and avoid any mechanical stress
is strongly suggested.
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